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Abstract 
 
Squid is among the most important commercial fish species in the world, with a global 
capture of 2.3 million tons in 2015. Dosidicus gigas was the squid with the highest capture (1.16 
million tons in 2014) and took the 14th position of major species marine capture in the same year.  
The commercial parts of the squid are the fins, mantle and tentacles discarding the other 
parts like viscera, head, skin and pen as waste in most of the cases. For Dosidicus gigas, the parts 
discarded as waste corresponds to approximately 22% of the squid weight, but in other squids it 
can reach up to a 50%. 
The huge amount of squid waste generated has created environmental concerns. Discarding 
waste directly into the ocean can result in serious environmental problems. Because of this, the 
IMO prohibited the disposal of waste and others into the sea in accordance with the 1972 London 
convention (effective from 2006). Although, squid waste can be disposed in landfills, its treatment 
cause difficulties because of the high lixiviate generation, organic content and bad odor during 
decomposition.  
This study evaluated the economically and environmentally feasible alternative for Giant 
Squid waste treatment considering the sub-product market and valorization. The study first 
conducted a literature review about squid waste treatments that extracts or produce currently 
valuable by-products. Then, the study compared these different treatment options and identified 
that the most economically feasible and environmentally friendly squid waste treatment is a 
combination of three different process that can reduce nearly a 100% of the waste that goes to 
landfill. This treatment could achieve an overall saving of 3,108 tons of CO2eq compared to current 
situation and considers the recovery of 250 gallons of liquid fertilizer, 1.45 kg of chitin and 0.6 kg 
of melanin per ton of waste treated.  This option has the additional benefit of producing negligible 
residues and based on the market price of the outputs, could generate an overall income of 158,500 
USD/ton of residue. 
The study then explores the potential energy recovery through bio-gasification of squid 
waste alone and co-digested with food residues trough anaerobic digestion. The rationale for this 
option is to support the Chilean target of increasing to 20% the non-conventional renewable energy 
generation by 2025. The results shows that although the CH4 content in the biogas was of 61%, its 
production yield was considerably lower than in other organic residues, 101.52±41.73 ml/g of VS, 
and suggests that there was not sufficient fermentative bacteria in the samples to generate an 
adequate anaerobic digestion. However, with the results obtained in the experiment, a small scale 
ii 
 
biogas plant can be installed in each area under study to produce a potential power generation lower 
than 0.2 MW.  
 As the Giant Squid waste in Chile, is generated at several points, sometimes far away from 
each other, it makes transportation logistic difficult and costly. Transportation is the most 
expensive phase in the waste management system, and its cost can determine the success of a waste 
treatment facility. Therefore this study used GIS to found optimal locations for the installation of 
fertilizing and biogas plants in each of the regions under study. The study shows that suitability 
analysis model is a very useful tool to consider many environmental and geographical restrictions. 
It also shows the advantages of using street network analysis to solve the location allocation 
problem, such as consider travel distance, amount transported and can even give the facilitates 
different ponderations according to other criteria such as closeness to the electrical grid. However, 
it would have been more effective if more information of body entities in the area under study were 
available, such as squid waste production from each of the processing plants and landing points. 
 
Keywords, Giant Squid, landfill, CO2eq, chitin, melanin, biogas. 
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Chapter 1  Introduction 
 
Squid is among the most important commercial fish species in the world. The world capture 
of squids in 2015 was 2.3 million tons. Dosidicus gigas is the highest captured species (1.16 million 
tons in 2014). This squid took the 14th position of major species marine capture production 
according to FAO (2017) for the same year.  
The growing squid demand worldwide has increased fishing activities in recent years 
(Arkhipkin et al. 2015). According to FAO (2017) market reports of July 2017, China increased 
exports in 2016 by 4.9% compared to the previous year (Chile and Korea have also increased their 
exports), while Japan increased its imports by 11.7% in the same period. Table 1 shows the squid 
production for the top 6 countries during the period 2010-2015.  
 
 
      Figure 1  Squid world production per country from 2010 to 2015 
       Source: (Fishstat 2017) 
 
The squid is usually frozen on board, which, in the cases of the larger ommastrephids, is 
done after the removal of the viscera (Arkhipkin et al. 2015). Otherwise, the squids are eviscerated 
in the processing factories ashore either by hand or using machines.  
The commercial parts of the squid are the fins, mantle and tentacles discarding the other 
parts like viscera, head, skin and pen as waste in most of the cases. In the case of Dosidicus gigas, 
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this corresponds to approximately 22% of the squid weight, but in other squids it can reach up to a 
50% (Joseph et al. 1987). 
The huge amount of squid waste generated has created environmental concerns. Discarding 
waste directly into the ocean can result in serious environmental problems (Kim 2012). Because of 
this, the IMO, according to the London convention in 1972, which came into effect in 2006, 
prohibited the disposal of waste and others into the sea. Although, squid waste can be disposed in 
sanitary landfills, its treatment cause difficulties because of the high lixiviate generation, organic 
content and bad odor during decomposition.  
Korea is one of the biggest squid producers in the world with a capture of 176,000 tons in 
2015, of which 88% belonged to Todorodes pacificus species (Japanese flying squid) (Fishstat 
2017). Because of the environmental problems associated with the dumping of squid waste into the 
sea, in 2014 Korea banned this practice. Since then, industries in Korea have diminished the squid 
waste with the goal of reducing cost and solving environmental problems (Kim 2012). 
Likewise, Japan also has a high participation in the world squid production with 180,000 
tons in 2015 (Fishstat 2017). Sea products in Japan are mainly treated in small markets or directly 
at home. The squid residues are mixed with other urban waste and collected by the city public 
collection system and taken to the local incinerators. Although there is also seafood waste 
generated by restaurants, the food industry and supermarkets, the Waste Treatment Law of Japan 
makes the producer responsible for the adequate treatment and the associated cost. In this case, 
food waste byproducts producer companies can collect the waste (Ruben 1993). 
Both of these countries use squid waste residues to produce value added product (Kim 
2012). Even China has several studies that explores potential uses, such as low salt fish sauce (Xu 
et al. 2008) to generate value from the discarded squid parts. 
However, this is not the case for Chile, where the main capture is Dosidicus gigas (Giant 
Squid). This squid is a large predatory squid that is found in the waters of the Eastern Pacific Ocean. 
It is among the largest of the squids and it can reach a mantle length of 1.5 m and weight up to 50 
kg. It is a member of the flying squid family, Ommastrephidae, and is known to eject themselves 
out of the sea to avoid predators (FAO 2016). 
Chile currently faces a squid waste crisis: landfills have rejected its disposal in their 
facilities because its high organic content and smelly lixiviates makes it difficult to comply with 
article 20-26 about Basic Security and Sanitary Regulations and Conditions in Sanitary Landfills 
(Decree 189 approved in 2005) (Health Ministry 2018). This situation has left the disposal of the 
waste in the ocean as the only viable option. However, as Chile adopted the protocol to the 
Convention on the Prevention of Marine Pollution by Dumping of Wastes and Other Matter in 
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1996 (London Protocol entered in force in 2006), this last option is only allowed with special permit 
(IMO 2018).   
The fishing of Giant Squid in Chile is mostly done by artisanal fishing with rights to extract 
80% of the national fishing quotas (160,000 tons per year). The other 20% is left for the industrial 
fishing that usually utilizes trawling (Subspesca 2014).  
The artisanal fishing sells most of its catch to squid processing plants that will then clean 
and export the squid. However, and due to the restriction of the landfills for this type of waste, 
most of these plants now restrict their purchases to clean squid. This means that the squid waste 
must be managed by the artisanal fishing sector (Figure 1). But because of the nature of artisanal 
fishing, as individuals or organizations, they do not have the financial capacity to cover the cost of 
sending their own squid waste to far away sanitary landfills, which include transportation and 
disposal fee. Therefore, the only feasible option is to drop the waste to the sea. For this, and as it is 
stablished in Article 108 of the London Protocol a special permit is necessary, but this permit will 
be conceded only after different factors, stipulated in Annex II of the London Protocol, are studied 
(EPA 2017). Therefore, this option requires and time, money. Permit application might not be 
accepted because waste prevention and management options are also considered. In the best case, 
disposal into the sea is not a sustainable solution as squid waste production has rapidly increased. 
To help solve this problem, the main purpose of this study is to identify and evaluate 
economically and environmentally feasible alternatives for Giant Squid waste treatment in Chile. 
It focuses on by-products that can currently be sold in the market and their extraction treatment. 
This study also explores the potential use of squid waste as biomass in alignment with the Chilean 
goal to generate 20% of electric power from non-conventional renewable energy by 2025, 60% by 
2035 and 70% by 2050 (BBVA 2018). 
There are no studies that use squid as biomass in anaerobic digestion for methane capture. 
However, being a marine source, squid might present similar conditions to other fish biomass or 
even seaweed, from which there are previous studies. Since squid waste is generated in several 
different points inside the same city and it must be treated quickly because of its fast decomposition. 
Here it is important to consider the transportation cost of this type of waste. Therefore, this study 
will also propose locations for a squid waste treatment plant with the objective of reducing 
transportation cost while considering geographical and urban restrictions for this type of waste. 
This thesis is divided into six chapters. Chapter 2 provides and consolidates the information 
found in literature about squid waste treatments and its byproducts. It considers treatments of the 
squid as a whole or for just a specific part of the squid such us, skin, pen, ink and viscera. Chapter 
3 further examines the extraction process of byproducts that can be currently found in the market. 
It complements treatment efficiencies with information from laboratory to compare and identify 
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the most optimal treatment, or combination of treatments, in terms of monetary benefits (USD/ton 
of squid waste treated) and GHG emission savings. Chapter 4 explores the potential of energy 
recovery from squid waste through AD and co-digestion with vegetable residues from vegetable 
markets. Chapter 5 uses network analysis in GIS to allocate a squid waste treatment plant in a 
location that can reduce the transportation cost while considering all the waste generating points, 
geographic restrictions and the land use regulation for this waste treatment plants. And Chapter 6 
summarizes the important findings of this study and offers recommendations for further 
investigations.  
 
  Source: credits to Lautaro Carmona (Paleo 2017) 
 
 
 
 
 
 
 
Figure 2  Artisanal fishermen cleaning squid in the Coquimbo region  
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Chapter 2  Squid Waste Byproducts and Extraction Process: Literature Review 
 
The huge amount of squid waste generated has created environmental concerns. Hence, 
industries all over the world have tried to reduce squid waste generation in order to save the cost 
price and solve environmental problems (Kim 2012).  
There are several studies that explored the potential uses of squid waste. Especially in 
countries like China, Korea and Japan, which are big producers and consumers of sea food. While 
some studies use the whole squid to obtain byproducts (Martin-Xavier et al. 2016; Joseph et al. 
1987; Xu et al. 2008), others focuses on extracting potential compounds found in specific parts of 
the squid waste, such as skin or pen (Figure 3). 
Squid waste is mainly composed of the head and the insides, which represent approximately 
22% of the squid weight (wet), but we can also find ink sac, pen and skin, as shown in Figure 3. 
This chapter explore squid waste treatments found literature review and its byproducts. It 
categorize the information according to the part of the squid waste used for treatment, such as if 
the whole squid is used or just the insides, pen skin or others.  
 
    Figure 3  Squid waste, extracted from Toradoras pacificus 
 
2.1.1 Whole Squid Waste 
 
By using the whole squid waste, it is possible to reduce the cost of sorting and transportation 
by minimizing the waste that goes to landfills. Joseph et al. (1987) found a method to convert squid 
waste into meal by boiling the waste in a salt/alum solution and then blanching to reduce the drying 
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period. However, fins and tentacles, valuable squid meat, were used as materials. The study did not 
test the product with animals to identify the potential benefits of squid meal. The same happened 
with a more recent study in India (Martin-Xavier et al. 2016). The study shows that silage prepared 
by addition of 4% formic acid could effectively be utilized as animal feed stuff. Beside protein and 
other components, it contains substantial amounts of chitin, which is a growth promoter in animal 
feeds. Although, the preparation process is simple, it required formic acid and wheat bran and it 
takes 16 days. There are no studies that show how this feed affects the growth of animals or if it 
should be mixed with other ingredient of current animal feeds. There are also no animal feeds made 
from squid waste in the market. 
In China there was an interesting study for low salt fish sauce production from squid waste 
(Xu et al. 2008). The study determined that fish sauce from squid waste has acceptable qualities in 
aroma and nutrition and similar nutritional quality compared to fish sauce from fish. Although its 
potential is mostly focused on Asian food market it is undeniable that the product has potential 
because fish sauce is a common food ingredient in Asian food. However, even when the extraction 
process is simple, there are several parameters in the process that needs further study to achieve a 
product of commercial quality.  
 Other studies focused on producing fertilizer by hydrolyzing the waste using natural 
enzymes and low heat to avoid adding dangerous or damaging additives. Peña-Cortés et al. (2010) 
found that hydrolyzed squid waste fertilizer showed significant effect for treated plants. Fetter et 
al. (2012) found that different squid hydrolysate-based fertilizer tested in the study were not more 
environmentally benign than synthetic fertilizers. There are several products in the market that use 
low heat hydrolysis in the production. Therefore, fertilizer from squid waste will be considered as 
an optional treatment of squid waste in this study.  
   
2.1.2 Squid Waste Parts 
 
As mentioned during the introduction of this chapter, squid waste composed mainly of head 
and viscera. However, there are several small parts that can be sorted and treated separately. 
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2.1.2.1 Ink  
The squid ink is contained in a sac located inside the mantle and behind its head, which 
represents approximately 1.3% of the squid total weight (Wang et al. 2014), see Figure 4.  
 
 
Madaras et al. (2010), discover that cephalopod ink has different components depending on 
the method of extraction. When extracting ink from the duct end of the ink sac of freshly killed 
squid using a syringe, there was no presence of protein. While the milking method obtain chemicals 
that are not naturally released and homogenizing the ink sacs method yields a mixture that include 
chemicals not only in the ink itself but also in the tissues of the ink sac and gland and which are 
not released during natural inking. This last method is mostly used as potential drug for human 
medicine. 
Squid ink is composed mainly of melanin pigments, but the non-pigmented portion of the ink 
contains enzymes and precursors of melanin synthesis, such as dopamine and L-DOPA (Lucero et 
al. 1994). The chemical component varies in concentration depending on the species and, as 
mentioned previously, the method of extraction. It can also contain Tyrosinases and small amounts 
of amino acids. Each ink sac of Sepia has ~1g of melanin, approximately 15% of the total wet 
weight of ink (Wang et al. 2014), between 5-8% of the weight of Sepia ink are proteins (Derby 
2014), also there are 0.5-132 Mm of dissolved free amino acids, from where a 50% constitutes 
Taurine, 3~ 7% Glutamate and 0-2% Tyrosine (Derby et al. 2007). 
 Over the years, squid ink is been used for many practical and commercial purposes. Most 
common use worldwide is as food flavoring. It is also used as food coloring. It is famous in 
Mediterranean cuisine, principally in Spain and Italy. The most commercially available squid ink 
is cuttlefish (Sepia) ink, because of its superior flavor (Derby 2014). The product can be found in 
jars on sachets at supermarkets or online with approximate values between US $7-10 per 100 g. In 
Korea it is utilized as an ingredient in the manufacture of bread, confectionery, tofu, pasta, curry, 
potato chips, candies, snacks, kimichi, sauces, noodles and others (Kim 2012). In Chile the squid 
Figure 4  Ink sac extracted from Toradoras pacificus 
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ink has been recently introduced in the market with a price of US $6,900 Chilean pesos (app US 
$10.5) for 180 g and it is imported from Europe.  
However, most recently, cephalopod ink has been used in an attempt to develop new drugs, 
through the search for new natural compounds with beneficial effects. Cephalopod ink has a long 
history of being used to promote human health in homeopathic medicine (Derby 2014; Nair et al. 
2011). Recent studies have discovered different beneficial properties in squid ink by extracting 
specific compounds or by using the ink as a whole. Homogenized ink sac is usually the source of 
material. Then this is digested or chemically processed (Derby 2014). 
Many of the studies about the potential drug uses of the ink squid have no market value yet. 
Therefore, it is difficult to currently forecast the potential economic benefits of this ink squid 
extract or compounds. For example, by extracting the ink from the sac, diluting it with distillated 
water, concentrating and lyophilizing it to a black residue, Fahmy et al. (2014) concluded that in 
combination with antifungal therapy, this ink extract treatment can reduce hepatic fungal burden, 
alleviate hepatic granulomatous lesions and oxidative stress associated with pulmonary 
aspergillosis in neutropenic mice. Fatimah-Zaharah and Rabeta (2018) discovered antimicrobial 
properties in the squid ink after drying it by using freeze-drying, water dilution, centrifugation and 
ethanol extract. This extract presented inhibition zone on all bacteria used in the study. Huazhong 
et al. (2011), on the other hand, suggested that just by mixing diluted squid ink with chicken’s feed 
could improve growth performance, antioxidant ability and immune functions of growing broiler 
chickens and be employed in the development of feed additives for animals.  Similarly, when 
looking for studies that have extracted specific compounds from the ink squid, there is also only 
discussions about its potential use. For example Peptidoglycans from squid and cuttlefish ink can 
have anti-tumor effects (Derby 2014), oligopeptide isolated from Sepia Ink, by enzymatic 
hydrolysis, showed antitumor activity (Ding et al. 2011), whereas Soliman et al. (2015) ink extract 
was effective in inhibiting the tumor growth in ascetic tumor models.  
As mentioned previously, these ink squid studies demonstrated a very interesting potential 
for its use in pharmaceutical and animal feed market, but there is still a need for further 
investigation before commercialization. Although, these extracts are difficult to consider for 
economically feasible squid ink uses, there are still other squid ink compounds that are already 
been sold in the market, such as Melanin, L-dopa, peptides, amino acids and proteins.  
Melanin from Sepia officinalis can be found in the market at around US $400 per gr. The 
extraction of melaning has been discused in several papers. Melaning can be extracted by repetitive 
diluting and ultra-centrifugation (Lui and Simon 2003) or by enzyme hydrolysis (Zhou et al. 2015; 
Song et al. 2011). Highly purified melaning can be obtained using alcalase and pepsin, which are 
the most effective proteases studied for the extraction process. Using repetitive diluting and high 
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speed centrifugation method with an added 10mmol/L of FeCl3 solution Wang et al. (2014) 
extracted crude Squid Melanin-Fe and demonstrated that it is an effective iron supplement that 
might enhance iron bioavailability. 
L-dopa is the precursor to the neurotransmitters dopamine, norepinephrine (noradrenaline) 
and epinephrine (adrenaline). L-Dopa can be manufactured and in its pure form is sold as a 
psychoactive drug. The drugs usually sell levodopa because dopamine cannot be ingested but can 
be produced by our own bodies if we ingest its precursor L-Dopa. Commercial levodopa is 
extracted from seeds plants, however, because it can be sold as supplements, L-dopa from ink squid 
can still find a niche in the supplements market.  
Peptides from animal source and Amino acids are other compounds that can be currently 
sold in the market. Squid ink can be used as raw material in the manufacturing of peptide and can 
be commercialized as functional peptide. (Ding et al. 2011; Le et al. 2015). Shirai et al. (1997) 
compared 3 extraction methods: trichloroacetic acid, ethanol and hot water extract. They found that 
hot water can be a simpler but effective method to extract aminoacids from squid ink. While Derby 
et al. (2007) showed the amounts of each aminoacids found in squid ink from Dosidicus gigas.  
 
2.1.2.2 Pen 
 
Squid pen is an internal feather-shaped structure that attaches the insides to the mantle 
muscle (Figure 5). It is rich in β-chitin. Chitin is the second most abundant, easily obtained and 
renewable biopolymer after cellulose (Zeng et al. 2012; Tolaimate et al. 2000). Chitin is a 
crystalline polymer that comes in three allomorphs, alpha beta and gamma depending on the 
resources. However, the most commercialized chitin is the alpha form.  
 
 
 
Figure 5  Pen extracted from Toradoras pacificus 
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The α-chitin is the most stable and abundant form because it widely exists in a lot of living 
organisms such as fungal and yeast cell walls, krill, lobster, crab tendons and shells, shrimp shells 
and insect cuticle (Rinaudo 2006; Chaussard 2004). Commercial α-chitin is mostly extracted from 
crustacean wastes (crab, shrimp or krill shells) and has a low organic solvent solubility. β-chitin is 
less abundant and is present in squid pens and tubeworms. It has a crystal and less dens structure 
that can be obtained with organic solvents. It also shows higher reactivity than α-chitin during 
deacetylation and in numerous other chemical reactions (Zeng et al. 2012; Wang et al. 2006; Jung 
2013). Chitin constitutes 32% of squid pen and 17% of shrimp shells. Squid pens also contain a 
42.5% of proteins (Tolaimate et al. 2000). 
In Japan chitosan was obtained from fish waste, and shrimp, crab and lobster shells. In 1993, 
500 ton of chitosan where produced in the world, from where 300 ton where produced in Japan and 
sold at 2 yen/gr. The main producer of chitin in Japan is Kyowa Technos Co. Ltda. (Rubin 1993). 
Chitosan, derived from chitin, is a non-toxic, biocompatible and biodegradable polymer.  
Chitosan has been proposed for several biomedical and pharmaceutical applications as a 
biomaterial as well as a component of bio-devices. The main properties and applications of chitosan 
depend on the average degree of acetylation, defined as the average content 2-acetamido-2-D-
glucopyranose units along the chitosan chains, average molecular weight and dispersity. Thus, the 
development of efficient processes to produce chitosan with controllable characteristics is very 
important (Delezuk et al. 2011).  
To date, there are several studies of β-chitin extracted from different squid species. These 
studies compare extraction efficiencies of β-chitosan and α-chitosan by different methods of 
extraction (Tolaimate et al. 2000; Jung 2013). Demineralization and discoloration are processes 
used during chitin extraction from shrimp and crabs shells can be avoided when using squid pens. 
Studies have shown that pen has a negligible mineral content compared to crab or shrimp shells 
and also low pigmentation (Chaussard and Domard 2004). Since there is no need to demineralize 
squid pens and the mineral part of the final product is low and does not contain toxic elements, the 
extraction of b-chitin/chitosan from squid pens can be beneficial to the industrial-scale production 
since it reduces the chemical usage, production cost and time.  
With the deproteinization of squid pen it is possible to obtain β-chitin. If chitin is to be used 
directly, especially for applications requiring a minimum protein content, like in the case of medical, 
cosmetic, or food additive uses, a preliminary extraction of lipids and lipoproteins is recommended 
as well as a prolonged treatment of 1 day in 1M NaOH (Chaussard and Domard 2004). If the 
objective is to continue the process to obtain β-chitosan deacetylation using strong alkali treatments 
and depolimerization are needed. However, these processes affect the average molecular weight 
and other characteristics, and therefore, several studies have been done to determine how different 
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variables in the deacetylation process affect the obtained β-chitosan (Chaussard and Domard 2004; 
Delezuk et al. 2011; Jung 2013). 
Shavandi et al. (2017) studied the proteins present in the wastewater recovered from 
chitosan processing waste alkaline solution and determined that the proteins extracted by using 
enzymatic hydrolysis the proteins extracted can be a potential source of bioactive peptides for 
addition to foods. 
Chitin from squid is sold high/low viscosity and high/low molecular weight (Chitosanlab 
2018), whereas chitin from marine source and shrimps can be found in powder or coarse flakes 
form (Aldrich 2017). 
 
2.1.2.3 Skin 
  
The skin waste is usually the squid outer skin that surrounds the mantle and fins and is a 
good source of collagen. It also contains peptides and amino acids. The inner and outer squid skin 
could serve as an alternative source of collagen that can be utilized as a nutraceutical or 
cosmeceutical agent or in the food industry. The advantages and characteristics of the collagen 
extracted from squid skin are discussed in several studies (Nakchum and Kim 2016; Mizuta et al. 
1994; Nam et al. 2008). All showed the potential use of squid skin as raw material for type I 
collagen.  
Acid and Pepsin-solubilized collagen (characterized as type I collagen) can be extracted 
with an alkaline solution to remove non-collagenous proteins and then hydrolyzed with pepsin 
(Gimenez et al. 2009; Veeruraj et al. 2015). Gomez-Guillen et al. (2010) discovered antioxidant 
and antimicrobial properties in peptides obtained by hydrolyzing gelatin extracted from skin from 
Giant Squid tunics.  
Although several studies discovered the potential of use of squid skin as raw material for 
type I collagen there is not collagen from squid skin in the current market. The closest products are 
several marine collagen obtained from fish (snapper).  
 
2.1.2.4 Milt 
  
Is a sac, located inside the mantle of the squid, which contains spermatic cells. It is rich in 
protamine that is a basic protein derived from fish milt. Its sulfate is used in medical applications 
as a carrier for injectable insulin and heparin antagonist. More recently, its hydrochloride is used 
as an antibacterial ingredient in some food products (Gill et al. 2006; Aton 2012). 
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Kim (2012) stated that squid milt hydrolysate may be useful as a bio functional peptide for 
the treatment of antiaging and enzyme-related diseases. However, the closest product similar to 
protamine from squid milt available in the market is protamine sulfate from salmon milt (Aldrich 
2018). Surprisingly, there is a patent with application number CN106107636A for a squid milt and 
roe egg roll production method. 
 
2.1.2.5 Viscera (Liver)  
 
The liver is a good source of non-saturated fatty acids, especially EPA and DHA. It also 
has taurine, enzymes and lecithin (Uddim et al. 2009; Kim 2012). 
The oil obtained from the insides of squid is made of multiple compounds like EPA, DHA 
and other important non-saturated fatty acids (Tavakoli and Yoshida 2006). In Japan, Nippon 
Suisan Kaisha, produce a variety of supplements and energy drinks with EPA and DHA. There is 
also a patent, application CN101811996A, for taurine preparation from squid liver. It is a long 
process that includes water bath, ultrasonic processing and filtration.  
The enzymes in the viscera have unique properties that attract great interest from the food 
industry and for investigation (Uddim et al. 2009) and lecithin, that is an oily and sticky substance 
that can be found in the yolk and animal or vegetal tissues, is used in the food, pharmaceutic and 
cosmetic industry because of its emulsifying properties.  
More recent studies show some potential for squid waste valuables extraction. Guo et al. 
(2018) evaluated the efficiency for extraction of lipids from the viscera by using electrical charges 
and found that more than 70% extraction is possible under certain parameters.  Other studies have 
found the potential of oil from the viscera. (Chow 2007; Su et al. 2015) found that the oil from 
squid viscera oil is very rich in omega-3 fats, which are vital nutrients for human health.   
 
2.2 Summary 
 
Squid waste is rich in omega 3 oils, proteins, amino acids and other components with 
several potential commercial uses in medicine, pharmaceutical, agricultural and food industries. 
However, most of these component still need further studies to be finally introduced into the market.   
It is recommended to study with further details about treatments to produce byproducts 
currently sold in the market. Specifically those cases where the extraction process can be replicated 
at industrial scale for thousands of squid waste. For example: fertilizer.  
Fertilizer is the most attractive treatment because is one that use all of the squid and produce 
a byproduct that is currently sold in the market.  
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Chapter 3  Selection of Optimal Squid Waste Treatments for Chile 
 
This chapter further examines the extraction process of byproducts that can be currently 
found in the market. It complements treatment efficiencies with information from laboratory to 
compare and identify the most optimal treatment, or combination of treatments, in terms of 
monetary benefits (USD/ton of squid waste treated) and GHG emission savings. 
 
3.1 Methodology 
 
3.1.1 Materials and Extractions 
 
Frozen squid was obtained from Tsuchiura Fish Market and was left thawing overnight at 
room temperature. Then the skin, pen, ink sac and insides were separated, washed if necessary, 
weighted, and dried in an oven under 100 °C to estimate efficiencies. 
To extract the Melanin from the ink squid was diluted and centrifugated at 20.000 g at 4°C 
for 15 minutes and the sypernatant removed. The pellet will continue to be diluted and centrifugated 
under the same conditions for 6 times (Lui and Simon 2003). 
   
3.1.2 GHG Calculation 
 
The First Order Decay method (Tier 2) outlined in the revised 1996 IPCC Guidelines for 
National Greenhouse Gas Inventories was used to calculate CH4 emissions because of the disposal 
of squid waste in landfills. This method produces a time dependent emission profile that better 
reflects the true pattern of the degradation process over time, since organic waste takes many years 
to decompose completely (IPCC 2018). 
 
𝐶𝐻4 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠𝑇 = [∑ 𝐶𝐻4  𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑𝑥.𝑇  − 𝑅𝑇
𝑛
𝑥=0
] ∗  (1 − 𝑂𝑋𝑇) 
 
Where: 
CH4 emissions: CH4 emitted in year T, (Gg/year) 
T: inventory year 
x: waste category or type/material; considered to be squid 
RT: Recovered CH4 in inventory year T (Gg/year); considered equal to 0 because landfill in 
the regions doesn’t have methane recovery 
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OXT: Oxidation factor in year T, (fraction); considered equal to 0 because it is the IPPC 
guideline (IPCC 2018) default value 
 
𝐶𝐻4  𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑𝑇 = ∑[𝐴 ∗ 𝑘 ∗ 𝑀𝑆𝑊𝑇(𝑥) ∗ 𝑀𝑆𝑊𝐹(𝑥) ∗ 𝐿𝑜(𝑥) ∗ 𝑒
−𝑘(𝑡−𝑥)]
𝑡
𝑛=𝑥
 
 
Where: 
CH4 generated: amount of CH4 generated from biodegradable material in year T 
T: inventory year 
x: year for which input data should be added 
A = (1 - 𝑒−𝑘) / k ; normalization factor which corrects the summation 
k: Methane generation rate constant (1/year); considered equal to 0.06 as in IPPC guideline 
(IPCC 2018)  default in dry temperate climate for food waste. 
MSWT (x): Total municipal solid waste generated in year x (G/yr)   
MSWF (x): Fraction of municipal solid waste disposed at landfill in year x 
Lo (x): Methane generation potential [𝑀𝐹𝐶(𝑥) ∗ 𝐷𝑂𝐶(𝑥) ∗ 𝐷𝑂𝐶𝐹(𝑥) ∗ 𝑓 ∗
16
12⁄ ]  (Gg 
CH4/Gg) 
MCF(x): CH4 correction factor for aerobic decomposition in the year of deposition (fraction); 
considered equal to 0.6 calculated with IPPC guideline (IPCC 2018)  default values and 
considering 50% of waste unmanaged, shallow and 50% waste unmanaged deep. 
DOC(x): Degradable organic carbon (DOC) in the year x, fraction (Gg C/ Gg waste); 
considered as 0.24 which correspond to the fraction of squid waste volatile solids. 
DOCf(x): Fraction of DOC that can decompose (fraction) considered equal to 0.5 as in IPPC 
guideline (IPCC 2018)  default. 
F: Fraction of CH4 in generated landfill gas (volume fraction) considered equal to 0.5 as in 
IPPC guideline (IPCC 2018)  default. 
16/12: molecular weight ratio CH4/C (ratio) 
 
3.2 Results 
 
3.2.1 Selected Treatments for Squid Waste. 
 
This point consolidates and discuss optimal treatments, found in chapter two, for each part 
of the squid waste. This treatments are considered optimal because their byproducts have current 
market value. 
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3.2.1.1 Fertilizer from Whole Squid 
 
Fertilizer seems the most feasible treatment because it currently exists at an industrial scale. 
It also uses all parts of the squid waste. Therefore, it offers the highest GHG emission reduction 
option. A similar process as described in Figure 6 has been used in many studies (LLC 2015; Fetter 
et al. 2013) being the enzyme used for the hydrolysis the main difference: while some use alcalasa 
others use protease. However, Lian et al. (2005) showed that squid waste hydrolysis can be 
achieved by using endogenous proteases and without the addition of commercial enzymes, since 
squid waste is rich in enzymes. In this case 3 hours of hydrolysis yield the highest amount of FAAs. 
This modification in the process will reduce material cost but it will increase the process time in 
more than two hours. At the end of the process, the squid hydrolysate has to be stabilized, to protect 
against microbial growth, through the addition of phosphoric acid to a final pH of 3.5 (Fetter et al. 
2013).  
The efficiency of the process has not been mentioned in any of the studies. However, 1 ton 
of fish processing waste, which is then liquefied by enzyme and stabilized with acids into liquid 
fish fertilizer, yield 250 gallons of product (Dominy et al. 2014). Since the process and the 
components of the waste are similar this yield will be considered for the continuation of the study. 
 
3.2.1.2 Chitin from Pen 
 
Pen sorting is not part of the squid cleaning process and therefore, like in the case of ink 
sac, there will be an additional cost. However pen is easy to identify and extract because of its 
structure.  
Chitosan from chitin changes its properties depending on the variables of the deacetylation 
treatment. Therefore, in this case this study will focus only in the extraction of chitin. In order to 
be used directly, especially for applications requiring a minimum protein contain, like in the case 
of medical, cosmetic, or food additive uses, a preliminary extraction of lipids and lipoproteins is 
recommended as well as a prolonged treatment with alkali solution (Chaussard and Domard 2004). 
Figure 8 shows the process for chitin extraction with focuses on its direct utilization.  
At the end of the process the chitin should be freeze-dried for storage. The process yields 
between 36-40% of chitin based on dry pen (Jung 2013). 
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3.2.1.3 Collagen from Skin 
 
 The process of extraction of collagen from squid outer skin is a relatively complicated 
process that required several steps, as explained in Figure 9. Skin was considered mainly because 
its separation is part of the cleaning process of squid, and therefore no additional effort should be 
done for sorting. However, despite the fact that there are several studies that have analyzed skin 
potential as collagen Type I source, there is still not a single product in the market.   
This process can yield up to 90% of the collagen contained in the skin, 28.4% per dry tissue 
(Mizuta et al. 1994). 
 
3.2.1.4 Melanin from Ink  
 
Ink sac sorting is not part of the squid cleaning process, and it could be difficult to locate. 
Hence, its extraction required additional time and cost. Its use as food ingredient was not 
considered because there are necessary further studies to analyze if there are flavor and odor 
differences to the commercialized squid sauce obtained from Sepia. It is also not a typical 
ingredient in Chilean cuisine. 
Although studies have been done to extract melanin by using enzyme hydrolysis (Zhou et 
al. 2015; Song 2011), the repetitive centrifugation and dilution process explained by Simon et al. 
(2003) was used as reference for melanin extraction, and hot water extract (Shirai et al. 1997) was 
used to recover FAAs from the squid ink. This two process can be intertwined to maximize the by-
products, as shown in Figure 7.  
This process is low on material cost but does need laboratory equipment for industrial use. 
Also the repetitive washing and centrifugation should be intensive in labor. The freeze dryer is 
necessary to store the melanin without affecting its properties. 
7.42 gr of a mixture of ink and ink sac was obtained by using the homogenizing ink sacs 
method, aproximately 6ml. The ink components is expected to be aprroximately 15% of melanin 
and up to 2542 µM of free amino acids with a high contain of taurine. However, the aminoacids 
do not generate significant value because the quantity present in the ink is very low. Table 1, based 
on Derby et al. (2007) study, shows that the total FAAs that can be extracted is lower than 1gr per 
L of squid ink. As expected Taurine is the predominant amino acid but in the online market the 
price of 1k of Taurine is US$14.95 (Nutrivitashop 2018) or US$172.05 99% extra pure in 
crystalline powder and molecular weight of 125.14 (Sisco 2018). 
There are approximately 19 to 21 free amino acids extracted and have market value as 
supplement, but the income obtained per liter of squid ink is very low, 0.07 USD/L of ink. Table 1 
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shows that the idea of selling this free aminoacids as suplemets is not an economically feasible one 
because of the low yield. 
 
Table 1  FAAs in Dosidicus gigas 
Chemical in µM Mean STD Molar Mass Chemical in gr/l 
Taurine 1773 83.9 125.15 0.2219 
L-Aspartic Acid 14 0.7 133.11 0.0019 
L-Threonine 8 0.4 119.12 0.0010 
L-Serine 11 0.5 105.09 0.0012 
L-Glutamic Acid 71 3.4 147.13 0.0104 
L-Glutamine 6 0.3 146.14 0.0009 
L-Proline 37 1.8 115.13 0.0043 
L-Glycine 26 1.2 75.07 0.0020 
L-Alanine 43 2 89.09 0.0038 
L-Valine 11 0.5 117.48 0.0013 
L-Methionine 14 0.7 149.21 0.0021 
L-Isoleucine 7 0.3 131.17 0.0009 
L-Leucine 12 0.6 131.17 0.0016 
L-Tyrosine 0.7 0 181.19 0.0001 
L-Phenylalanine 2 0.1 165.19 0.0003 
L-Lysine 6 0.3 146.19 0.0009 
L-Histidine 11 0.5 155.15 0.0017 
L-Arginine 61 2.9 174.2 0.0106 
Total Free AAs 2114     0.2668 
Source: Adapted from Derby et al., 2007 
 
3.2.1.5 Viscera (Liver): Biofuel and Omega 3 
 
 During the squid cleaning process the viscera is usually extracted with the head. Hence 
additional cost and time will be necessary for its separation and head disposal. Figure10 shows the 
process pf extraction considered for the continuation of the study.   
The process includes residues from the oil to join in the methylation process, however, it is 
complicated to extract only the EPA and DHA from oil rich in AAs. Hence it was decided to use 
oil rich in EPA and DHA as a product.  
 18 
 
 
 
 
 
 
      
Figure 6  Fertilizer production process from squid waste 
Source: Adapted from LLC 2015, Lian et al. 2005 and Fetter et al. 2013 
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Figure 7  Chitin extraction process from squid pen 
Source: Adapted from Chandumpai et al., 2004 Chaussard and Domard 2004 
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Figure 8  Collagen type I extraction process from squid skin 
Source: Adapted from Nam et al., 2008, Nakchum and Kim 2016, Kolodziejska et al., 1999 
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Figure 9  Melanin extraction process from squid ink 
Source: Adapted from Simon et al., 2003, Shirai et al., 1997 
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Figure 10  EPA, DHA and biodiesel fuel extraction processes from squid viscera 
Source: Adapted from Tavakoli and Yoshida 2006 
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3.2.2 Propose Treatment Combinations 
 
Table 2 shows a summary of the different treatments and their efficiencies based on one 
ton of treated squid waste. The objective of this study was to determine feasible options for squid 
waste treatment to reduce the amount of waste that goes to the landfills. Therefore, the focus would 
be in those treatments that use most of the waste, in this case: fertilizer because it uses the whole 
squid and oil/biofuel because it uses the highest fraction of squid waste, the viscera, and has 
potential as renewal energy source 
Skin, pen and ink sac are relatively easy to separate and the treatments options for each 
can be complemented between eachother to maximize the reveniew and utilization of the waste. 
 
3.2.2.1 Option 1: Fertilizer 
 
From 2018, the continuous disposal of 1 ton of squid per year in a landfill, generates 
approximately a total of 3,108 tons of CO2eq.after 10 years. This is not all the waste emissions but 
only the ones during this period in a landfill (after the initial 10 years the waste disposed continues 
to degrade and emit GHG). Fertilizing can yield 250 gallons from ton of squid waste treated with 
an average market value of US$40.99 per gallon. The cost of materials is mostly the phosphoric 
acid and water soluble potassium, with a cost of US$1,282.1 in materials. The income in this case 
would be approximately US$8,715.4 per ton treated.  
Fertilizer has a local market because all the zones under study, where the Giant Squid is 
treated, are know because of their vineyards, and other agricultural fruits. Figure 11 shows one of 
the three areas under study, IV region of Coquimbo. In this region there were 15,777 farms and 
3,262,067 hectares used for agriculture in 2007 (ODEPA 2015). Using the squid fertilizer 
application recommended for fruits (LLC 2015), the most abundant crop of the region, 250 gallons 
of fertilizer will cover 50 hectares per year. This shows the potential market for squid fertilizer 
within the region. 
However, this option can be upgraded one step further by including pen treatment as shown 
in Figure 18. Since the pen is easy to sort, and the process is relatively easy, it can be added with 
the benefit that all the residues of the deproteinization of chitin can be integrated in the hydrolysis 
process. This will increase the revenue in nearly a 13% (without considering investment). 
If it is possible to sort the ink sac then it is a good idea to consider also including melanin 
extraction, as a 3 combination treatment option. The best advantage is that the residue of melanin 
extraction can also be integrated into the hydrolysis process for fertilization as shown in Figure 12. 
This way the revenue is once again improved since melanin extraction process provides the second 
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highest revenue between the treatment options at a low material cost. The revenue with options is 
maximized to $158,500 US/ton of waste.  
Whereas skin is a relatively difficult process and expensive in materials, its components 
can contribute considerable to the fertilizer nutrition. This is why skin was not proposed as part of 
the treatment combination. 
 
3.2.2.2 Option 2: Omega 3 
 
Considering the same period of study the emission savings are only 512 CO2eq. This is 
nearly a one-sixth of the savings from option 1. The main reason is the low efficiency of the 
treatment.   
This option should be done with all the combinations possible to minimize waste disposal 
on landfill, including skin treatment and extraction of collagen. The treatment combination for 
option 2 is shown in Figure 13. In this case the initial revenue is US$209,950 per ton of waste. But 
skin and viscera treatments seems the most expensive because of the equipment necessary. 
However, there is still data to collect that is necessary to confirm this assumptions.  
The most interesting part of this option is the potential of biofuel. Its uses are mostly 
unknown in Chile, but it has been used and studied in Europe. To raise awareness and continue 
studying its uses and implications this option can be implemented in collaboration with artisanal 
fishermen’s. This way the artisanal sector also benefits and it works as an incentive for not 
disposing the waste in the sea but introducing it to the treatment input chain. However, finding a 
market for 4 chemical products might pose a challenge for this treatment combination. 
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Table 2  Summary of treatment efficiencies and process information 
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Figure 11  Agricultural areas and farmlands in a region under study 
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Figure 12  Three Waste treatment combination, Option 1. 
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Figure 13  Four Waste treatment combination, Option 2. 
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3.3 Discussion  
 
This study proposed two combination of several treatments to reduce the waste that goes to 
landfill while considering its revenue. Option 1 is environmentally the best solution because it 
minimizes the waste that goes to landfills by using all the waste as input, and producing residues 
only at the screening part of the process, hence saving more than 2,500 tons of CO2 than option 2. 
Another benefit of this option is that it has a local market for fertilizer, which will reduce 
transportation cost. As shown in Table 3, the fertilizer production by year could easily be utilized 
in the study regions. Only the V region would cover more than 50% of the hectares. A map of Chile 
and its regions is provided in ANNEX 2. 
 
     Table 3  Fertilizer production per year and demand by region in study 
Waste 
Ton/Year 
Region 
Fertilizer 
(Gallons) 
Area Covered By Squid 
Fertilizer  (2 App. Per 
Year)(Ha) 
Area With Fertilizer 
Demand (Ha) 
4000 IV 1,000,000 100,000 3,262,067 
13500 V 3,375,000 337,500 510,346 
12000 VIII 3,000,000 300,000 1,950,727 
      Source: ODEPA 2015 
 
On the other hand, option 2 maximizes the revenue but it is not the best environmentally 
friendly solution. The reason is that approximately 35% of the squid waste goes directly to landfill 
coupled with 30% of the processed waste. This process also is the most complex as it requires 
multiple steps and strict process conditions. Although revenues are high the material cost is also 
higher than for option 1. There is however potential in some of the residues generated in different 
parts of the process. For example, the aqueous part of the squid waste extracted after hydrolysis 
contains glycerol (that it has also a potential in pharmaceutics cosmetic, food and plastic (Tavakoli 
and Yoshida 2006)).  
Considering that option 2 can produce 46kg of biofuels/ton of waste input, then the overall 
production of the three regions in study could reach up to 1530 ton of biofuel per year. As seen in 
Table 4, in the IV region it has the potential to replace diesel completely but on the other regions 
in can cover up to 3.5% and 27% for the V and VIII region respectively. 
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Table 4  Biofuel production per year and biofuel consumption per region in the study 
Waste 
Ton/Year 
Region 
Production Of 
Biofuel (M3) 
Consumption 
Biofuel (M3/Year) 
4,000 IV 208.5 185.3 
13,500 V 703.8 19,771.2 
12,000 VIII 625.6 2,280.0 
Source: Energy 2018 
 
Although, the biofuels obtained from the process needs to be studied further to convince 
the users of its benefits, or more likely, of its not secondary effects in the equipment.  
However, agriculture and fish waste disposal are between the highest reasons of marine 
contamination in Chile according to a report (Rovira 2006) from the South Pacific Permanent 
Commission (CPPS). This organization was created as a cooperation mechanism between Chile, 
Colombia, Ecuador, Peru and Panama for the protection of marine environment. It has the same 
characteristics with all the other environmental programs of the United Nations.  
According to this report, in the central zone of Chile, including Coquimbo and Valparaiso 
regions, one of the main reasons for marine contamination comes for agriculture residues (fertilizer 
and pesticides) that runs to the sea from deep within the region through rivers. Another important 
reason is the domestic wastewater and industrial liquid residues. For example, in Coquimbo city, 
in February of this 2017, companies related to fish product in an industrial park, including a squid 
processing plant, were identified by the wastewater treatment company in charge of the region, as 
disposing liquid waste out of standards to the sewerage (El Observatodo 2018).  
Whereas in the central-south zone of Chile, including the Bio-Bio region, the main marine 
contamination source is the fish industry followed by the agricultural sector. Fish waste contains 
high organic content, fat and oil that has high oxygen demand. Another consequence of the disposal 
of fish waste is the formation of a thin layer of oil above the sea surface that prevents the adequate 
water oxygenation and sticks to the substrates, like rocks, sand etc., making impossible the fixation 
of benthic species. In the Bio-Bio region is where most of the fish industry is concentrated and the 
liquid residues from their processing not only contain high organic substrate but also altered 
temperature and pH.  
Therefore fertilizer production from squid waste will not only reduce the GHG emission in 
landfills, but it will also reduce the marine contamination by attacking three fronts: 
① Reducing fish (squid) waste disposal on the sea 
② Reducing the liquid waste produced in processing plants 
③ Reducing the fertilizers runoff. 
 31 
 
 Hence, scenario I is the most economically feasible and environmentally friendly 
alternative treatment for squid waste.  
 This scenario aligns with the CPPS projects stablished trough the Chilean national local 
institution DIRECTAMART, which has set 4 programs related to protection of the marine 
environment (DIRECTEMAR 2018). 
 
3.4 Summary 
 
This chapter compared squid waste valorization treatments with potential market value of 
its byproducts. Concluding that the most economically feasible and environmentally friendly squid 
waste treatment is a combination of three different process that can be interconnected to reduce 
nearly a 100% the waste that goes to landfill. This scenario can produce 250 gallons of liquid 
fertilizer, 1.45 kg of chitin and 0.6 kg of melanin per ton of treated waste. The application of this 
treatment could achieve and overall savings of 3108 tons of CO2eq compared to current situation. 
Based on the market price of the outputs this scenario could generate an overall income of 
US$158,500 per ton of residue. 
This treatment, which mainly focuses on fertilizer production, will not only reduce the GHG 
emission in landfills, but it will also reduce the marine contamination by attacking three fronts: 
① Reducing fish (squid) waste disposal on the sea 
② Reducing the liquid waste produced in processing plants 
③ Reducing the fertilizers runoff. 
 This scenario aligns with the CPPS projects stablished trough the Chilean national local 
institution DIRECTAMART, which has set 4 programs related to protection of the marine 
environment (DIRECTEMAR 2018). 
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Chapter 4  Experimental Work for Methane Recovery 
 
In recent years, Chile has focused in changing its energy matrix to increase renewal energy 
participation.  Law 20.257 of 2008 and then Law 20.698 of 2013 improved the regulatory 
framework of non-conventional renewal energy and encourage the electricity generation 
companies to increase their non-renewal energy sources (Ministry of Energy 2008; Ministry of 
Energy 2013). Based on these laws, the government sets a goal to generate 20% of electric power 
from non-conventional renewable energy by 2025, and 60% and 70% from renewal energy by 2035 
and 2050 respectively (BBVA 2018).  
By February 2018, the installed capacity in the national electricity grid had been 23,737.2 MW 
of which a 53.8% corresponds to non-renewal energy and 46.2% to renewal energy. The non-
conventional renewal energy participation, which includes, wind, solar, biomass/cogeneration and 
geothermal was of 17.8%. During the same month, the generated electricity was 6.013 GWh, from 
which a 6.8% correspond to wind power, 3.5% to biomass, 3.5% to wind power and 0.3% to 
geothermal (Generadores de Chile 2018).  
Biomass energy generation has the advantage to solve waste environmental problems because 
it can use residues as BioSource. 
Although the main sources of biomass are produced in land, there are several cases and studies 
where marine biomass is used. The most used marine source is fish but recently the potential of 
seaweed has also been studied (Kuroda et al. 2013). There are several research studies that use fish 
as biomass and also study its co-digestion with other substrates. However, there are no studies 
considering squid waste for methane production or its co-digestion. Although it can be compared 
to fish waste or fish viscera’s as both are marine sources. A study using biochemical methane 
potential test showed that a mixture of secondary and primary sludge with fish intestines produced 
500 ml/g VS (Tomczak-Wandzel. 2013). Those results are high when compared to using only fish 
waste as substrate which others results range between 127±20ml/gr VS and 248 ml/g VS (Gurung 
et al. 2012; Kuroda et al. 2014). 
This chapter explore the potential methane recovery and energy generation of squid biomass 
and its co-digestion with food waste.  
 
4.1 Anaerobic Digestion Methodology 
 
4.1.1 Materials 
For the digestion and co-digestion experiments, fresh Todorodes pacificus was obtained 
from Tsuchiura Fish Market. The sample was cleaned and separated as shown at the beginning of 
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this work (Figure 1). Then grounded in a blender and frozen for later use. As shown in Table 5, 
Toradoras pacificus and Dosidicus gigias have similar composition, which makes it a good 
material for replacing Giant Squid.  
7.7 kg of food waste were collected from University of Tsukuba canteen during a week 
period and characterized. However, since a high percentage, 64%, of the waste was cabbage and 
in order to make the sampling more representative of Chilean situation, fruits and vegetables were 
obtained directly from supermarkets and treated at home. The final collection was of 1.7 kg of food 
that was ground in a blender and frozen for later use. 
 
      Table 5  Composition of two squid species. 
Composition Docidicus Gigas Todorodes Pacificus 
Protein 16.0% 19.5% 
Fat 1.0% 1.3% 
Ashes 1.8% 1.7% 
Water 81.2% 77.5% 
       Source: (Peng and Su 1993)  
 
Anaerobic digested sludge was obtained from Shimodate wastewater treatment plant in 
Ibaraki and used as inoculum. 
Before digestion analysis, the samples were thawed at room temperature overnight, then 
grounded to reduce particle size and thoroughly mixed.  
The content of carbon for both biomass types are similar and close to 50%. However, as 
shown in Table 5, the C/N ratio of squid is considerable lower than of food, indicating that it 
contains more protein.  The chemical characteristics of the biomass are shown in Table 6. 
 
   Table 6  Biomass characterization 
  pH C/N Humidity % VS% 
Squid 6.99 5.69 73.21 (0.18) 24.79 (0.14) 
Food 4.40 28.26 88.46 (0.20) 10.61 (0.27) 
Sludge 8.14 6.38 98.29 (0.02) 1.29 (0.01) 
 
4.1.2 Sample Preparation 
 
Sealed glass bottles (250ml) were used as digesters. 21 bottles in total were filled at 80% 
capacity with three types of substrate: squid waste, food waste, and a mixture of squid + food waste.   
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Each bottle was prepared with 0.5 of substrate/inoculum ratio (v/v). The bottles were purged with 
nitrogen to ensure anaerobic conditions and kept at 38 °C in a controlled chamber. Figure 14 shows 
one bottle of each substrate after 5 days of treatment. From right to left there is food waste, mixed 
waste and squid waste substrates.  
 
 
   Figure 14  Digestion bottles with three different biomass inputs        
 
4.1.3 Measurements 
 
Gas analysis (N2, CH4, and CO2) was carried out by gas chromatography (Shimadzu GC-
8A) every 2 days for the first 2 weeks and every 3 days thereafter. Detector and column were kept 
at 80 and 60 °C. Gas measurement interval was varied depending on the biogas production. Every 
week 1 digester of each mixture was analyzed in terms of pH, VS, and VFA. 
Carbon and Nitrogen were analyzed using Perkin-Elmer (2400 II CHN Elemental 
Analyzer) with a ±0.3% accuracy. 
The pH was measured by a portable pH meter (testo 106). TS and VS were analyzed 
according to the Standard Methods (Rice 2012). To analyze of VFA 1 ml was extracted from the 
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samples and mixed with phosphoric acid 3%, before centrifugation for 5min at 10rpm. 1µml of the 
samples was injected for gas chromatography analysis (Shimadzu GC-8A).  
 
4.2 Results and Discussion  
 
The initial experiment considered 3 different samples: squid waste (S1), food waste (F1) 
and a mixture between the two (M1). However, during the early stages of the experiment F1 
stopped biogas production. M1 produced high amounts of CO2 but no methane. S1 had an 
increasing methane production but decreasing biogas generation. Therefore a second experiment 
was conducted using the same samples but with different parameters. Table 7 summarize the 
characteristics of the samples. S2, M2 and F2 represent squid waste, mixture of squid/food waste 
and food waste respectively for the second experiment.  
 
Table 7  Sample characterization 
Samples C/N pH VS% VSi/VSt Changes 
S1  5.83  7.03 9.62 0.09 
 
M1 6.29 6.66 6.66 0.13 
 
F1 6.71 6.19 4.44 0.19 
 
S2  5.97 6.73 7.24 0.13 Increased  VSi/VSt ratio 
M2 6.17 7.34 7.40 0.11 Change squid/food ratio and 
increase/adjusted pH with NaOH 
F2 6.71 8.24 4.44 0.19 Increased/adjusted pH with NaOH 
 
Squid substrate initiated methanogenesis sooner than the other substrates with the exception 
of inoculum, which could be attributed to the high content of enzymes and amino acids in the squid 
waste. Whereas the hydrolysis stage was larger in mix samples, taking longer to start methane 
production (Figure 15). 
All the samples showed a constant reduction of biogas production from day 16. However, 
S2 had an increase in biogas production with a high content of methane after day 16, showing a 
peak at day 25 and 43 (Figure 16). This indicate that squid is a substrate that is difficult to degrade 
and the bacteria needs time to adjust.  
 Figure 16 shows the cumulative methane production as a function of time for S2 that 
produced the best results, with a cumulative methane yield of 101.52±41.73 ml/g VS after 60 
days and final CH4 yield of 61%. Methane and biogas yields are very low compared to other 
studies that utilized marine biomass. For example: Gurung et al. (2012) obtained a yield of 
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256±28 ml/g TS from fish viscera whereas Kuroda et al. (2013) obtained a similar result, 248 
Nml/g TS, from fishery wastes. 
 
 
 
Figure 15  Accumulated methane for each of the samples during first 30 days. 
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Figure 16  Accumulated methane for S2 for the duration of the experiment 
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The concentration of ammonium was low for AD. F1 shows the highest rates after 7 days 
of experiment, with a concentration of 50ml/L. However ammonia parameters concentration range 
near 1.000 mg/L (Kuroda et al. 2013). This is an important indicator of the effectiveness of the 
material decomposition, which also influence the pH drop. Ammonium is formed during the 
biodegradation process of protein or other nitrogen-rich organic substrates. It is also utilized as an 
essential nutrient for bacteria growth and it plays an important role in balancing the C/N ratio of 
the samples (Zhang et al. 2014). The low concentration of ammonia with a high C/N ratio, near 30, 
added to the low pH, it produced the failure of the Food AD in the experiment. 
However, there was an abrupt increase in the ammonia concentrations of squid substrates 
after the initial stage because of the high contain of protein. But this didn’t happen until day 21 
where S2 showed an ammonia concentration of 23ml/L and then on day 42 where it was 55 ml/L, 
which are still low values according to standards but higher than its initial value of 3mg/L. This 
can explain the peak in biogas and methane production. 
Food has the highest ratio of VSi/VSt and the lowest amount of VS. Initially, the AD failure 
could have been related to the low initial pH, and therefore only pH was adjusted in F2. However, 
food substrate has a high ratio of C/N and although the pH was adjusted to 8.24 by adding NaOH, 
seems like the organic load was still too high, producing an abrupt drop in pH during the first 7 
days to levels under the optimal conditions for fermentative bacteria. The VFA analysis shows that 
the concentration of acetic acid is 1.5 g/L, exciding the limit amount of 0.8 g/L (Zhang et al. 2014). 
This indicates that there was accumulation of VFA because of the high organics content, decreasing 
the pH and resulting in the failure of the anaerobic digester. Table 8 shows the pH of each of the 
biomasses. M1, F1 and F2 shows a pH lower than 5 on the seventh day. For F1 and F2 this meant 
the failure of the system. In M1 case, it meant that the methane production was inhibited but there 
was still fermentative bacteria for biogas production. However, Liu et al. (2011) studied the 
influence of pH adjustment on AD of kitchen waste and concluded that with pH adjustment the 
maximum organic concentration can reach 45g/L. F1 and F2 were both in the limit, with organic 
concentrations near 44g/L, but according to the previous study, there still should have been 
methane production. Therefore, the negative effect of high organic load must have been enhanced 
by the low level of ammonium mentioned previously. 
Regarding the mixed samples, M1 and M2 have very similar VS content and VSi/VSt ratio. 
However, the pH of the last one was increased and adjusted to 7.3. This helped to diminish the 
initial pH reduction that occurred with M1 at the initial stages. As it can be seen in Table 8, M1 
reach levels where methanogenesis is inhibited but anaerobic bacteria is still active. That is one of 
the reasons as to why M1 generated biogas but no methane. Although, M2 still didn’t reach the 
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favorable pH range for methanogenesis, 6.5-7.2 (Zhang, et al. 2014) which resulted in a low 
methane yield.  
 
Table 8  Samples pH every 7 days for the first 28 days. 
Sample Initial 7 Days 14 Days 21 Days 28 Days 
S1 7.03 6.91 6.95 6.53 6.94 
M1 6.66 4.93 5.84 5.83 
 
F1 6.19 3.73 
   
S2 6.73 6.66 6.45 6.63 6.60 
M2 7.33 6.25 6.28 6.06 6.04 
F2 8.24 4.45 
   
 
Figure 17 shows the cumulated biogas production in function of time for each of the 
substrates. Although Food didn’t produce methane, the biogas yield was higher that all of the other 
substrates. Before the failure of the system, food substrate produced higher amounts of H2 than any 
other substrate, signs of its intensive hydrolysis stage. S2 showed the highest biogas yield with 
165.7 ± 63.1 ml/gr VS. 
The higher ratio of inoculum in S2 improved the methane generation. The VSsub/VSinoc 
rate is a topic that have been investigated extensively. Studies recommend ratios lower than 1 and 
near 0.33 (Liu et al. 2011; Kawai et al. 2014). Initially the low VS of inoculum, that is rich in 
bacteria, could have also been a factor in the low yield of methane. However, Koch et al. (2017) 
compared different inoculum performances and use sludge with similar VS. The sludge as 
inoculum shows good methane yields for substrates for which it is already adapted, such as food.  
The results of this experiment show that there was not sufficient fermentative bacteria in 
the samples to generate an adequate anaerobic digestion. Therefore, the inoculum should be firstly 
adapted to the substrate. Secondly, the rate of inoculation sludge to the feed should be increased to 
nearly 30%, at the top of the recommended values (Liu et al. 2011) or according to the study Kawai 
(2014) a VSs/VSi ratio lower than one. 
The best result of this study show a potential CH4 generation of 25 m
3/ton of biomass, 
which is lower compared to values found in literature: 381 m3/ton of fish waste (SGC 2012), 61.3-
69.4 m3/ton from broiler manure and 32.5-36.8 m3/ton from green house waste (Sarikaya and 
Demirer, 2013), but similar to those obtained from cattle slury (Stanislav et al. 2013). To reach 
similar values than fishery waste it is necessary to increase squid biomass methane yield from 101 
to 1,530 ml/g VS. 
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Figure 17  Accumulated biogas production for each sample  
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  Considering a 42% electricity efficiency, the potential MW for each of the regions under 
study area shown in Table 9.  
 
Table 9  Energy generated considering S2 results 
Region Ton/year MJ kWh kWh available MW 
IV 4,000     3,905,912   1,084,976       455,690  0.05 
V 13,500   13,182,454    3,661,793    1,537,953  0.18 
VIII 12,000   11,717,737    3,254,927    1,367,069  0.16 
Source: Beck 2018 
 
In 2017, Chile had 62 operative biogas plants, 50 of which operated for self-consumption 
(mostly use for heating). These 62 operative plants included 19 from the solid waste sector, 19 
from animal production sector and 9 from the food industry (Sanchez 2017). 
With the results shown in Table 8, the potential plants in these regions would be categorized 
in Chile as small scale plants because the energy production is lower than 180kW (4e Chile 2017). 
These plants use biogas mostly for direct combustion. However, squid processing plants do not 
need heat during the cleaning or refrigeration process.  
To be considered a medium size plant, the power generation should be between 180kW and 
900kW. For this, it is necessary to increase squid biomass CH4 yield to at least 120 ml/g VS. With 
this value, the V and VIII region will reach a production of 0.21 and 0.19 MW respectively 
however, the plant in the IV region continue staying as a small scale plant. 
To become a big scale plant, then the CH4 yield should increase to at least 580 ml/g VS. 
This analysis depends on the number of plants that will treat this amount of waste. The 
potential MW from table 8 considers only one facility per region. However, there can be 
geographical restrictions, such as transportation distance and land use, which will affect the number 
of facilities. This point will be further analyzed on Chapter 5. 
Considering that the average price in 2018 of electricity in Chile was US$103.3 per MWh, 
the income, or savings, because of electricity generation of squid waste AD with methane capture 
is of US$11.56 per ton of squid in 1 year. However, because of the high Nitrogen content, it is 
advised to consider the selling of it as fertilizer or in the form of in further studies.  
 This option can be also complemented with chitin extraction from pen, discussed in chapter 
3.2, because Chitin is difficult to degrade and pen is easy to sort. Chitin extraction can complement 
energy savings with a potential income of US$945.8 per ton of squid waste. 
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4.3 Summary 
 
This chapter explored the potential of energy recovery through AD of squid waste alone 
and co-digested with food residues. The best methane yield, 101.52±41.73 ml/g of VS, was 
obtained using only squid as substrate. The methane contain in biogas was 61%. 
There was a period of approximately 30 days of adaptation for squid waste, indicating that, 
although squid has a high contain of enzymes, it is a substrate that is difficult to degrade and the 
bacteria needs time to adjust. The adjusting time can be reduced if the inoculum is adapted before 
use.  
The laboratory analysis results found that the CH4 production yield was considerably lower 
than other organic residues because there was not sufficient fermentative bacteria in the samples to 
generate an adequate anaerobic digestion. Therefore it is recommended that the rate of inoculation 
sludge to the feed should be increased to nearly 30% or use a VSs/VSi ratio lower than one, 
preferably 0.33. 
 This option can be used to reduce the electricity consumption of the Squid processing 
plants, however for this it is necessary to increase the yield to ensure a power generation higher 
than 180 MW.  
AD of squid waste can also be complemented with Chitin extraction, making it a two 
treatment scenario. Squid pen is hard to degrade and therefore extracting it before the AD can 
enhance the biogas production. This can complement the energy savings with a potential income 
of US$945.8 per ton of squid waste. 
This combination of two treatment scenario can accomplish a reduction of waste and also 
it’s aligned with the governmental goals for renewal energies. However, further studies to improve 
the methane yield and the use of sludge as residue are necessary. 
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Chapter 5  Network Analysis for Facility Allocation  
 
Facility location is one of the most important factors that private and public sector 
organizations address when they need to select the optimal site for their new facilities.  This is 
especially the case for undesirable facilities such as waste treatment plants. This type of facilities 
have adverse effects on people or the environment, and therefore, the selection of a location is 
complex because it needs to provide high quality service at a minimum disturbance while meeting 
the municipal, governmental and environmental regulations (Melachrinoudis 2011). 
Since squid waste is generated daily in several different points inside the same city and it 
must be treated rapidly because of its fast decomposition, it is important to consider the 
transportation cost of this type of waste. Therefore, this study will also propose locations for a 
squid waste treatment plant with the objective of reducing transportation cost while considering 
geographical and urban restrictions for this type of waste.  This will help to determine the number 
of facilities necessary for each region and treatment type.  
Because of the essence of facility location problem, the availability of GRI represents a 
fundamental prerequisite to model and solve such problems. GIS is a framework for gathering, 
managing and analyzing data. It analyses spatial location and organizes layers of information into 
visualizations using maps (EsriGIS 2018; U.Wisconsin 2018). Therefore, GIS can play a crucial 
role for supporting decision making in the field of Location Science (Bruno 2015; Biltro-Batista 
2010). 
ESRI developed a location-allocation module to solve the allocation problem by using the 
ArcGIS Network Analysis, because the optimal location changes depending on the type of facility. 
For example, the best location for a healthcare center is different than the best location for a 
manufacturing plant. Up to now there are seven problem types that can be addressed with location 
allocation analysis:  minimize weighted impedance (P-Median), maximize coverage and minimize 
facilities, maximize attendance, maximize market share, target market share and maximize 
capacitated coverage (EsriLA 2017). 
There are some studies that use location-allocation analysis for different applications. Bojic 
et al. (2013) developed a model to solve the location allocation issue for biomass power plants. 
They analyzed different parameters in order to minimize costs of electricity generation. Comber et 
al. (2015) introduced a modified version of the p-median problem to optimize the spatial 
distribution of the resource supply for anaerobic digesters while minimizing the demand-weighted 
distance. Delivand et al. (2015) applied GIS combined with multi Criteria Analysis to find and 
identify the optimal number and location of biomass plants by minimizing transportation distances. 
However, only few studies apply network-based spatial GIS analysis for the location of waste 
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treatment facilities. A route optimization study (Hasmantika and Maryono 2018) used network 
analysis to optimize route collection of green waste, while another (Illeperuma and Samarakoon 
2010) use GIS and network analysis to propose locations for bins in Sri Lanka.  
In order to optimize the facility location this study used the Location-Allocation solver in 
the ArcGIS 10.3 Desktop’s Network Analysis toolset. This solver uses an edited version of the cost 
matrix (origin-destination matrix of shortest path cost along the network) by a process known as 
Hillman editing that enables the same overall solver heuristic to address a variety of different 
problem types, such as minimize impedance, minimize facility and maximize attendance. The 
combination of an edited matrix, semi-randomized initial solutions, a vertex substitution heuristic 
and a refining metaheuristic quickly yields near optimal result (Esri 2018). 
This analysis requires a network dataset, facility points (FP) and demand points (DP). 
However, since there is no dataset for waste treatment facilities candidates established for the area 
under study, the study developed a model to identify a base of potential areas where to locate the 
treatment facilities. For this purpose a suitability analysis was conducted that allowed us to take 
into consideration certain geographical constraints for waste treatment and bio gasification plants. 
  
5.1 Methodology 
 
5.1.1 Suitability Analysis 
The study first identified the restricted areas based on the model developed by Ma et al 
(2005). A modified version of the model was used for this purpose: 
 
R=∏ 𝜏𝑛𝑖=1 𝑖                                                                          
R: restricted areas 
𝜏  = Criteria for the restrictions applied 
 
This study designed a frame using the Modelbuilder in ArcGIS Desktop 10.3, and 
considered all the geographical features (including river and quarry, forest), and existing buildings 
(including farms, households, industries, roads) located in the study area. The study applied 
standard buffer zones for each feature (Table 10) in order to prevent the construction of the facilities 
near these sensitive or restricted places according to what is stablished in the Urban Planning 
Regulations for waste treatment and bio gasification plants.  
After the buffer was applied the area was delimitated by using union tool. Then, the vector 
features were converted into raster data to standardize the different information that comes with 
the vector features. This raster tool pixelate the map and assigns a value according to a selected 
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category. For example green area is assigned a value in land-use category. Finally the study applied 
a conditional function to assign values into binary values. This tool performs a conditional if/else 
evaluation on each of the input cells of an input raster.   
 
Table 10  Bodies and their buffers considered for suitable analysis 
Bodies Buffer (M) 
Water Bodies 60 
Buildings And 
Households 
20 
Roads 10 
Natural Forest 30 
Protected And Risk 
Areas 
50 
Farms, Parks And 
Plazas 
30 
Source: Adapted from Ministerio de Vivienda y Urbanismo 2017,  Ministry of Energy 2016 
 
For the final steps, multiraster tool produce one only raster that overlap all the different layers 
obtained as a result of the con tool. Then the last tool, raster to polygon, transforms the raster to 
polygon layer. This last layer will be used as base line for the analysis of facility points. Figure 19 
shows all the steps considered in the model for a single layer. The suitability analysis was done for 
each of the regions under study. 
 
5.1.2 Network Dataset  
 
In GIS, network dataset is a critical component in the location-allocation modeling process. 
This is basically a street centerline file that has attributes, such as speed limits and direction, 
assigned to each road or segment (Pratt, Moore and Craig 2014). Thanks to the rapid development 
of GIS and its related technologies, abundant street network data had been collected that can also 
be found as freely accessible dataset (Jiang and Okabe 2014; Hochmair and Zielstra 2017). 
 To create the street network of the area under study, a layer with roads for each city under 
study was obtained from the Chilean National Congress Library online page (BCN 2017). For the 
network only main roads, such as highways, avenues and main streets (primary, secondary and 
tertiary) were considered. It was necessary to intervene the street layer using an editing tool to 
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divide the long streets into several segments at places where the streets connect with one another; 
otherwise, the network does not recognize street connections. Finally, the network dataset was built 
in ArcCatalog.  
 
5.1.3 Facility Points (Candidate locations) 
 
These points represent the candidates’ sites for the allocation of the facilities.  
The landings of squid catches are located mainly in 3 of the 15 regions of Chile: IV, V and 
VIII Region of Coquimbo, Valparaiso and Bio-Bio respectively (Figure 18). In this regions the 
most important ports of the country are located. A map of Chile and its regions is provided in 
Annex 1.  
The sites were selected based on the Suitability Analysis mentioned in point 5.1.1. However, 
in compliance with land use regulations, a squid waste treatment facility can only be established 
only in an exclusive zone for production activities and/or services of industrial nature.  
A layer with land use specifications was obtained from IDE Chile (Ministerio de Vivienda 
y Urbanismo 2017). This layer classified the zones under study from residential areas to exclusive 
industrial zones. Therefore, this layer will have to be crossed with the layer from suitable analysis.  
 
Figure 18  Chilean artisanal Giant Squid landing (ton) 
Source: (Subpesca 2014-2016) 
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Figure 19  Suitability analysis 
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5.1.4 Demand Points (Waste generation source) 
 
These points represent the location of the squid waste generation points. It is represented 
by the points where the artisanal fisherman land and clean their catch and the processing plants.  
The waste generated in 2016 in each of the regions was 4,000, 13,500 and 12,000 tons 
respectively. It was possible to identify a total of 18 processing plants and landing sites with an 
address verified in maps. All the bigger plants are accounted for, however there were some small 
plants that didn’t have a web site and the address of contact was not allocated in a map. There is 
no information about the amount of waste each generate, therefore all this points will have the same 
weight. A table with the list of processing plants is provided in Annex 2 
 
5.1.5 Location-Allocation Problem Setting 
 
There are seven problem types that can be performed using location-allocation. The study 
selected to minimize impedance. This problem type reduces the overall distance the public needs 
to travel to reach the chosen facility, therefore reducing the overall transportation cost of delivering 
goods to outlets. 
 
5.1.6 Electrical Grid 
 
For biogas plant allocation it is necessary to consider not only the distance to the squid 
waste source but also to the electrical grid to be able to sell the electricity surplus. Figure 20 shows 
the location of 3 regions under study and the national electrical grid. 
To select the most optimal facility, the candidate locations where pondered according to 
the distance from the electrical grid. For example, those candidates that are within a distance of 
500m to the electrical grid were given a higher ponderations that those located between 500-1000m. 
And the further ones where given the lowest ponderations  
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Figure 20  National electrical grid and the regions under study. 
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5.2 Results 
 
5.2.1 Suitability Analysis. 
 
Results of suitability analysis identified the suitable areas by eliminating zones that have 
geographical limitations or restrictions, such as distance from rivers, ravines and parks in each of 
the areas under study. A description of the model is shown in Figure 19. An example of the results 
is shown in Figure 21 and Figure 22. Figure 21 shows the results of the multiraster tool that overlaps 
all the restriction raster, such as protected areas, green areas, ravines, roads and structures in 
Valparaiso and San Antonio provinces, V region.  
Figure 22 shows the results after the conversion of the mutiraster to polygons and then, the 
selection of the available areas. This polygons then comply with all the geographical restrictions 
necessary for the location. 
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Unavailable land 
Available land 
Figure 21  Results of multiraster tool for Valparaiso and San Antonio provinces 
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Figure 22  Final polygons in suitability analysis for Valparaiso and San Antonio 
Provinces 
 53 
 
 
5.2.2 IV Region of Coquimbo 
 
Figure 23 shows the location of the squid landing points, where artisanal fishing do most 
of the cleaning, and the location of processing squid plants. There is no information of amounts of 
squid treated by each of the parts, hence, landing and plant points was given the same weight for 
facility closeness. In total 16 candidates were identified. They are in industrial zones near the 
coastal area of Coquimbo and La Serena cities, 3 processing plants, 1 artisanal fishermen 
cooperative and 2 landing points, where it happens that the artisanal fishermen’s can do the squid 
cleaning, as shown in Figure 2. 
Coquimbo has very specific regulations for the location of plants, and every plant with 
dangerous activities should be located in the industrial zones and a few mixed residential areas. 
Therefore the polygon results of suitable analysis was intersected with the layer of landuse 
determined by the communal urban regulator plan. The candidates’ locations are also shown in 
Figure 24. 
There are other squid landing points outside of the map, but these were not considered for 
the analysis because the amount of squid catch is mostly to sell in local fishing markets for public 
consumption. 
Figure 24 shows the results of the networking analysis for a fertilizer plant. In this case, the 
closest facility was easy to identify. The area selected is located in an industrial zone and has an 
area of 4,113 m3, which is enough for treating all the waste generated in the zone, approximately 
4000 ton/year. The trucks total route length from DP to this location is 21.7km.  
Figure 25 shows a picture of the chosen area and, as it can be seen, it is available for building 
a facility. This demonstrate that the model is functional.  
For the biogas plant location allocation the results are the same because the chosen location 
for a fertilizer plant coincidentally is closer than 500m from the electrical grid (Figure 26). 
Therefore, in this are a small size plant with potential power generation of 0.05 MW could be 
installed. 
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Figure 23  Facility polygons and demand points for network analysis, Coquimbo Region. 
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Figure 24  Location Allocation: Minimize impedance results, Coquimbo Region.  
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Source: credits to Alex Rojas 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 25  Picture of the chosen facility area seen in Figure 25. 
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Figure 26  Facility location for biogas plant 
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5.2.3 V Region of Valparaiso 
 
For this region, the analysis had to be divided in two parts. Valparaiso has two important 
ports located at 90 km from each other (Figure 27). In this case it was necessary to allocate 2 
different plants, one per each port. This will not only reduce the transportation cost but also reduce 
the capacity of the plants. Valparaiso produce 12 thousand tons of waste, almost 3 times the waste 
of region of Coquimbo. Two plants will help reduce the workload, and although there will be an 
increase in the investment cost, if compared with the transportation cost: considering an efficiency 
of 6km/hour for a truck (9.5 ton, 45000cc and 160HP (Aguilera 2008)) and 0.94 USD/liter of 
gasoline, then to travel both ways, loaded and unloaded the cost is approximately US$10,100 US 
every year. And that is only for 9.5 ton. Although there is no information of the amount of waste 
treated by the plants located in the area, there is the reference of some in Coquimbo region, which 
treats between 12 to 400 ton/day. That means that more than one truck will be needed. Hence, the 
decision of building two separate facilities.  
At the left side of Figure 28, it can be noticed that there are almost no roads. The shapefile 
of roads was not complete and therefore it was necessary to fill it manually to make sure all the FP 
and DP can be connected. For this case the road layer was edited following only the highways that 
connected the areas and that appear in google street maps. The other street were not considered 
because the go around hills and are not suitable for material transportation trucks. 
For the Valparaiso province analysis, the processing plants are mostly located in Valparaiso 
city. The suitability analysis layer was intersected with the enabled zones for industrial activities. 
The initial results gave 92 facility candidates points (Figure 29). 
Figure 29 shows the results of the network analysis for fertilizer plant. The area selected in 
located in a mix residential zone in a slight hill with low population density, the area covers 42.5 
km2 and a total route length of 50.2km. 
The facility chosen for the fertilizer plant is located further than 1k from the electrical grid. 
Because of the higher ponderation, the analysis choose a candidate closer to the grill for biogas 
plant. The area selected in located in a mix residential zone in a slight hill with low population 
density, the area covers 10.7 km2. The trucks total route length is 51km, approximately 1.5km more 
compared to the fertilizer plant chosen location (Figure 29). This biogas plant would be considered 
as a small size plant because it electricity power generation will be lower than 180kW. 
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Figure 27  Provinces in Valparaiso region and location of DP 
Provinces 
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Figure 28  Location Allocation: Minimize impedance results, Valparaiso Region, Valparaiso city  
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Figure 29  Chosen facilities for fertilizer and biogas plant comparison in Valparaiso. 
 62 
 
 
The travel distance is mostly affected by one DP that is located at the interior of the region 
(bottom-right of Figure 28). Between this DP and the chosen facility there are approximately 13km 
on road. Therefore other two option are proposed depending if the waste from DP can be negligible. 
If the amount of squid waste is negligible then one option is to eliminate this DP from de 
analysis.  In this case, the total route length is reduced to 24km and 30km to fertilizer plant and 
biogas plant respectively (Figure 30). If the waste from DP cannot be neglected, then it would be 
recommended to install to facilities in this region. One in the same as in Figure 30 and then a second 
plant near the furthest DP point. 
For San Antonio, the candidate areas are mostly out of the urbanized area, having huge areas 
available for constructions. Instead of choose the centroid of the candidate area as the facility 
candidate point, in this case the point was moved, within the area, to the closes road to the plants 
still inside the area it. Since the analysis selects the closets facility, considering the centroid points, 
it seemed unfair that some centroid points were located further than others just because the area 
available was huge. The centroids can be seen in Figure 31. The selected area is a new industrial 
zone with 12.2 km2. The trucks total route length from DP to this location is 12km.  
The biogas plant location chosen after the analysis is the same as the fertilizer one. This 
biogas plant would be considered as a small size plant because the potential electricity power 
generation will be lower than 180kW. 
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 Figure 30  Option 2 for facility location in Valparaiso, eliminating the furthest DP 
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Figure 31  Location Allocation: Minimize impedance results, Valparaiso Region, San 
Antonio city 
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5.2.4 VIII Region of Bio-Bio 
 
For this case, and similarly to the Valparaiso region case, it was necessary to separate the 
region in two areas and install one facility in each, because the DP points are clustered in two 
different locations separated by 88 km on road. 
There was a total of 281 areas to where locate the facilities and a total of 7 DP to cover, 4 
from Talcahuano and 3 from San Antonio.  
For Talcahuano case, just as with San Antonio city, the roads layer was incomplete and had 
to be filled manually. The task was to connect all the FP with the DP. This was done by only 
considering highways and big avenues. 
The selected facility location in Talcahuano, as shown in Figure 32, is an industrial zone and 
has an area of 287.4 km2. The total route length is 29.7 km. 
 For Coronel the selected facility location shown in Figure 33, is a mix residential area that 
allows non-hazardous industries and has an area of 140 km2. The total route length is 4.1 km. 
In both cases the biogas plant analysis gave the same results as the fertilizer one because 
the electric grid pass through the selected areas. 
This biogas plant would be considered as a small size plant because the potential electricity 
power generation will be lower than 180kW. 
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Figure 32  Location Allocation: Minimize impedance results, Bio-Bio Region, Talcahuano city 
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Figure 33  Location Allocation: Minimize impedance results, Bio-Bio Region, Coronel city 
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5.3 Discussion 
 
 The Network Analysis was useful to determine the closest facility location, by street 
distance, to most of the squid waste generation points that, because of the lack of data, where not 
differentiated from each other. However the waste produced by each of the DP might be a decisive 
factor in the final location. As an example, in the case of Coquimbo region, if the farther facility 
produce the highest amount of waste, more than the other 3 plants, then the chosen facility changes 
as demonstrated in Figure 34. This is because the minimal impedance type of problem in the 
location-allocation tool can consider not only the distance but also the amount of material that is 
transported. Hence, reducing the overall transportation cost. 
Therefore the problem types “closest location” or “minimize impedance” in the network 
analysis, will only work with no generation details as long as the generation points are close to 
each other, like in the case on San Antonio in Bio-Bio region. However, in the other cases, there 
might be changes depending if the farther points generates more waste than the others plants.  
This point also shows the adaptability of the network analysis, as long as the network, 
demand points and candidates are located the function can easily be adapted to the requirements of 
the users.  
Figure 35 shows another strong point of network analysis that has been mentioned 
previously but hasn’t been demonstrated. Network analysis considers street distance by using a 
street network, and that is why all the DP and FP should be connected through it. In Figure 35 can 
be seen the routes that the network considered for the minimal impedance problem type solution 
using Coquimbo as a case example. Apart from the route itself, another output of the analysis is 
the length of each route from each DP to the FP. In this case, the farthest DP has to travel 10.44 
km to reach the facility while the closest only 2.25 km. This closest DP is not the nearest to the FP 
by considering a radial distance, but is the closest by almost 100 m because the streets that connect 
the points has almost no turnarounds.  This is the difference between network analysis and the 
typical area coverture. 
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Figure 34  Coquimbo case of facility location with waste generation amounts 
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Figure 35  Routes by street network analysis 
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5.4 Summary 
 
The study found locations for the installation of fertilizing and biogas plants in each of the 
regions under study considering different restrictions. 
 For Coquimbo one plant is necessary and the location is the same for both type of plants. 
The area selected is located in an industrial zone and has an area of 4,113 m3. The trucks total route 
length is 21.7km. Therefore, in this are a small size plant with potential power generation of 0.05 
MW could be installed. 
For the Valparaiso Region at least 2 facility locations where necessary. The facility chosen 
for the fertilizer plant is located in a mix residential zone in a slight hill with low population density, 
the area covers 42.5 km2 and a total route length of 50.2 km. The area selected for the biogas plant 
a mix residential zone in a slight hill with low population density that is closer to the grid. This 
area covers 10.7 km2. The trucks total is 51km.  
However, the total route length can be reduce if the further DP can be neglected. In this case, 
the total route length would be 24km and 30km to fertilizer plant and biogas plant respectively  
For the Bio-Bio region at least 2 facility locations where necessary, In Talcahuano, the 
selected facility location is in an industrial zone and has an area of 287.4 km2. The total route length 
is 29.7 km. The biogas plant is the same as the fertilizer one. In coronel the selected facility location 
is a mix residential area that allows non-hazardous industries and has an area of 140 km2. The total 
route length is 4.1 km. In both cities the biogas plant analysis gave the same results because the 
electric grid pass through the selected areas. 
The biogas plant in all the locations would be considered as a small size plant unless the 
methane yield is improved. 
Suitability analysis model is a very useful tool to consider many environmental and 
geographical restrictions. The study shows the advantages of using street network analysis to solve 
the location allocation problem, such as consider travel distance, amount transported and can even 
give the facilitates different ponderations according to other criteria such as closeness to the 
electrical grid. However, it would have been more effective if more information of body entities in 
the area under study were available, such as squid waste production from each of the processing 
plants and landing points. 
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Chapter 6  Overall Conclusions and Recommendations 
 
6.1 Conclusion 
 
This study found feasible treatment options for the increasing amounts of squid waste 
generation in Chile. The difficulty in addressing this problem is the fact that 80% of the national 
catch quota is assigned to artisanal fisherman who don’t have the financial capacity to dispose the 
waste in sanitary landfills. Moreover currently landfills are not accepting this type of waste because 
of the high lixiviate generation. Therefore, the fishermen only feasible option is to dispose the squid 
waste in the ocean. However, this option is not a sustainable one and goes against the agreement 
stipulated in the London Convention.  
The study initially summarized the squid waste byproducts and extraction process found in 
literature and then selected treatments that have currently marketable byproducts. From this 
selection, the production of fertilizer, combined with the production of chitin and melanin, showed 
the highest potential in terms of feasibility and environmentally friendly squid waste treatment. 
The application of this treatment can achieve and overall saving of 3108 tons of CO2eq compared 
to current situation and, based on the market price, the outputs can generate an overall income of 
$158,500 US/ton of residue. However, although the proposed combination potential is high, there 
is always the problem of marketing of  a product that is new in the country and comes from a non-
conventional source: squid waste.  
Since the government wants to increase the electricity generation from non-conventional 
renewal sources, this study also explored the potential of squid waste as biomass for AD with 
methane recovery. The installation of biogas plants has total financial support from the government 
and also for selling the energy surplus to power distributing companies.  
The results of the laboratory analysis showed that the highest methane production was of 
101.52±41.73 ml/g of VS, and obtained using only squid as substrate. The methane contain in the 
biogas was 61%. The CH4 production yield was lower than other organic residues and the study 
concluded that there was not sufficient fermentative bacteria in the samples to induce an adequate 
anaerobic digestion. There was a period of approximately 30 days of adaptation for squid waste, 
indicating that, although squid has a high contain of enzymes, it is a substrate that is difficult to 
degrade and the bacteria takes a long period to adjust.  
 AD of squid waste can be complemented with Chitin extraction, making it a two treatment 
scenario. This can complement the energy savings with a potential income of 945.8 $USD/ton of 
squid waste.  
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Transportation is the most expensive phase in the waste management system, and its cost 
can determine the success of a waste treatment facility. Therefore this study use GIS to find the 
optimal locations for the installation of fertilizer and biogas plants in each of the regions under 
study. The main objective of the analysis was to minimize the distance from the several squid waste 
generation points to the treatment plant while complying with different geographical restrictions. 
For this, suitability analysis model was a very useful tool to visually group different restrictions 
and obtain places that comply with specific requirements. The candidate’s location obtained after 
the suitability analysis can be used to allocate any nonhazardous waste treatment facility. However, 
for waste to energy facility was necessary to include the national electrical grid in the analysis. 
Network analysis allows us to identify one or more locations that minimize real route 
distance from the waste generation points. The results show that the furthest facility location is in 
Valparaiso city, with a total route of 50 km. This accounts for approximately 600 USD/ton of waste 
transported per year. 
 
6.2 Recommendations 
 
For an immediate solution to the squid waste problem it is recommended the installation of 
a fertilizer plant with chitin and melanin extraction in all the regions. However, this activity can be 
complemented with AD of squid waste with production of fertilizer from the sludge. The electricity 
generation can be used to cover the electricity for the biogas plant and chitin and melanin 
extraction. If there is any electricity surplus it can be sold to the electrical grid. Hence, the 
installation of this plant should be allocated in one of the location proposed in this study for biogas 
plant. 
If a squid processing plant wants to reduce electricity cost, it is recommended to use squid 
waste as biomass for AD only if the plant generates more than 2300 ton/year of squid waste, and 
the methane production is at least 580 ml/gr VS. These conditions will permit the installation of a 
small scale biogas plant. If the plant generates surplus electricity it is recommended that the plant 
be near to the electrical grid or the surplus would be lost. 
To reach higher methane yield it is recommended that the rate of inoculation sludge to the 
feed should be increased to nearly 30% or use a VSs/VSi ratio lower than one, preferably 0.33. It 
is also recommended to adapt the inoculum to squid substrate before its use to reduce the bio 
digestion time.  
Regarding the network analysis, to make the right decision at facility location is mandatory 
to have the generation of waste data so the network analysis can weight each facility and diminish 
the cost of transportation considering not only distance but also amount transported.  
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ANNEX 2 
 
Source: Silva Aedo, 2015, Sernapesca, 2018 
 
 
 
 
 
 
 
 
 
 
 
 
Plant Name City Adress
Coquimbo
Pesquera Villa Alegre S.A Coquimbo Los Talleres 1955, Barrio Industrial
Orizon Coquimbo Playa Blanca s/n, La Pampilla
Cooperativa Pesquera y Comercializadora Guayacan Coquimbo Caleta de Guayacan
Almar - Comercializadora San Sebastian Coquimbo Planta de Proceso Frigorifico Av. Costanera
Valparaiso
CHPL Seafood LTDA. Valparaiso Ruta 68, Number 1240, Placilla
IPESCA Valparaiso Ruta 68, Number 1240, Placilla
Pesquera Mancilla Valparaiso Philippi N195, Portales
Frigorifico Fiordosur Valparaiso Calle Phillippi 325
Exportadora y Comercializadora San Diego LTDA Valparaiso Calle Phillippi 465
Planta de Pescadores El Membrillo Valparaiso Caleta el Membrillo
Silva Bariiga-Eduardo Ramon San Antonio Los Tres Alamos 2945, Parque Industrial Juan Aspee, Llolleo
Trimar San Antonio Zorobabel Rodruiguez 140, Llolleo
Soc. Comercial Sanmar Chile LTDA. San Antonio Lautaro 1626
Bio-Bio
Landes Talcahuano Isla Rocuant SN, Talcahuano
Pacific Blu Talcahuano Gran Bretaña 955, Talcahuano
Orizon Coronel Av. Pedro Aguirre Cerda 719, Lo Rojas
FoodCorp S.A. Coronel Av. Pedro Aguirre Cerda 995
Camanchaca Pesca Sur Coronel Av. Gran Bretana 825
